EP 2 614 868 A1

(1 9) Europdisches

: Patentamt

European
Patent Office

Office européen
des brevets

(11) EP 2 614 868 A1

(12) EUROPEAN PATENT APPLICATION

(43) Date of publication:
17.07.2013 Bulletin 2013/29

(21) Application number: 13150119.9

(22) Date of filing: 03.01.2013

(51) IntClL:

B01D 11/04,(2006.01) C22B 3/22 (2006.01)

C22B 3/02 (2006.01)

(84) Designated Contracting States:
AL AT BE BG CH CY CZDE DK EE ES FI FR GB
GRHRHUIEISITLILT LULV MC MK MT NL NO
PL PT RO RS SE SI SK SM TR
Designated Extension States:
BA ME

(30) Priority: 13.01.2012 JP 2012005224
(71) Applicant: Shin-Etsu Chemical Co., Ltd.

Chiyoda-ku,
Tokyo (JP)

(72) Inventors:

¢ SUGAHARA, Hiroto
Echizen-shi, Fukui (JP)

« MINOWA, Takehisa
Echizen-shi, Fukui (JP)

(74) Representative: Stoner, Gerard Patrick

Mewburn Ellis LLP
33 Gutter Lane
London

EC2V 8AS (GB)

(54) Liquid-liquid extraction unit, multistage liquid-liquid extraction apparatus using the unit, and
multistage continuous extraction system for rare earth elements

(567)  Aliquid-liquid extraction unitincludes an extrac-
tion/separation tank (10) into which an aqueous phase
in bubble form is admitted from an upper inlet (20) in one
sidewall and an organic phase in bubble form is admitted
from a lower inlet (30) in the one sidewall. The upward

moving organic phase is contacted with the downward
moving aqueous phase. After contact, the organic phase
is discharged through an upper outlet (40) in an opposite
sidewall and the aqueous phase is discharged through
a lower outlet (50) in the opposite sidewall.
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Description

TECHNICAL FIELD

[0001] This invention relates to a liquid-liquid extrac-
tion unit adapted to contact an aqueous phase with an
organic phase, separate them, and recover the desired
extract from the thus separated aqueous phase and/or
organic phase, more particularly, to a liquid-liquid extrac-
tion unit suitable for the extraction and separation of rare
earth elements, especially rare earth elements including
yttrium and light rare earth elements (La, Ce, Pr,Nd, Sm,
and Eu); a multistage liquid-liquid extraction apparatus
and a multistage continuous extraction system using the
unit.

BACKGROUND

[0002] Nowadays, rare earth magnets as typified by
Nd magnets are widely used in motors, sensors and other
parts built in hard disk drives, air conditioners, hybrid
cars, and the like.

[0003] Typical rare earth elements used in rare earth
magnets include cerium (Ce), praseodymium (Pr), neo-
dymium (Nd), samarium (Sm), terbium (Tb) and dyspro-
sium (Dy). For the separation of these rare earth ele-
ments, the ion exchange resin (or solid-liquid extraction)
method and the solvent extraction (or liquid-liquid extrac-
tion) method are known. The solvent extraction method
is often used in the industrial separation and purification
of rare earth elements because the method is capable
of efficientlarge-scale treatment due to continuous steps.
In the solvent extraction method, a water phase consist-
ing of an aqueous solution containing metal elements to
be separated is contacted with an organic phase consist-
ing of an extractant for extracting a metal element of in-
terest and an organic solvent for diluting the extractant.
Then the metal element of interest is extracted with the
extractant into the organic phase for separation.

[0004] Extraction apparatus known in the art for use in
extracting rare earth elements by the solvent extraction
(or liquid-liquid extraction) method include a multistage
continuous extraction system comprising a plurality of
mixer-settlers as shown in FIG. 5 (see Patent Documents
1, 2 and 3). lllustrated in FIG. 5 are an extraction section
A for extracting a selected rare earth element from an
aqueous phase into an organic phase, a scrubber section
B for scrubbing the organic phase, and a back extraction
section C for back extracting the rare earth element once
extracted in the organic phase into an aqueous phase
for recovery. Arrows 1 to 9 indicate lines and flows of
aqueous phase, organic phase, and reagents into and
out of the mixer-settlers.

[0005] Arareearth element-containingaqueous phase
from line 1, an extractant-containing organic phase from
line 2, and an alkaline aqueous solution from line 3 are
fed into the mixer-settler of extraction section A, where
the steps of mixing aqueous and organic phases, sta-
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tionary holding and separating them again are repeated
in multiple stages, whereby the rare earth element of in-
terest is extracted from the aqueous phase into the or-
ganic phase, which is fed to scrubber section B. The
aqueous phaseis discharged vialine 5, and therare earth
element which remains in the aqueous phase without
being extracted into the organic phase is recovered from
this aqueous phase. The alkaline aqueous solution from
line 3 is fed for adjusting the equilibrium acid concentra-
tion.

[0006] Inscrubbersection B, an acid aqueous solution
is fed from line 4 as the aqueous phase into the mixer-
settler, where the steps of mixing the acid aqueous so-
lution (aqueous phase) 4 with the organic phase having
the rare earth element extracted therein in extraction sec-
tion A, stationary holding and separating them again are
repeated in multiple stages. The organic phase 2 is
scrubbed or washed in that only the rare earth element,
which is contained in the organic phase 2 and should
essentially remain in the aqueous phase in extraction
section A, is selectively extracted into the acid aqueous
solution (aqueous phase) 4, after which the organic
phase 2 is delivered to back-extraction section C. On the
other hand, the acid aqueous solution (aqueous phase)
having only the rare earth element, which should essen-
tially remain in the aqueous phase in extraction section
A, selectively extracted therein is discharged via line 9,
and fed back to extraction section A. Notably, the acid
aqueous solution 4 is adjusted to such an acid concen-
tration that only the rare earth element, which is dissolved
in a minor amount in the organic phase 2 and should
remain in the aqueous phase, may be selectively extract-
ed.

[0007] In back extraction section C, the acid aqueous
solution which is adjusted to a sufficient concentration to
extract the rare earth element of interest is fed from line
6 as the aqueous phase to the mixer-settler where the
steps of mixing the acid aqueous solution (or aqueous
phase) 6 with the organic phase 2 scrubbed in scrubber
section B, stationary holding and separating them again
are repeated in multiple stages, whereby the rare earth
element of interest contained in the organic phase 2 is
back extracted into the acid aqueous solution (aqueous
phase) 6, which is discharged via line 7. The rare earth
element of interest is recovered from this acid aqueous
solution (aqueous phase) 7. On the other hand, the or-
ganic phase 2 from which the rare earth element has
been removed by back-extraction is discharged from
back-extraction section C and fed back via line 8 to ex-
traction section A for circulation.

[0008] In the prior art, a mixer-settler is used to con-
struct each of extraction section A, scrubber section B,
and back-extraction section C of the multistage continu-
ous extraction system. For example, a mixer-settler of
an arrangement as shown in FIG. 6 is commonly used.
[0009] Asshownin FIG. 6, the mixer-settler comprises
a plurality of liquid-liquid extraction units k connected in
fluid communication, each unit having one mixer cham-
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ber f with a propeller e mounted therein and four settler
chambers g to j connected in series. In the embodiment
of FIG. 6, four liquid-liquid extraction units k are connect-
ed in four stages. With this mixer-settler, extraction op-
eration is carried out as follows. The flows of aqueous
phase are depicted by solid line arrows and the flows of
organic phase depicted by broken line arrows. The aque-
ous phase and organic phase flow in mixer chamber f
where they are stirred and mixed by rotating propeller e,
then flow in settler chamber g where they dwell for a
certain time, that is, the mixture is kept substantially sta-
tionary and gradually separates into aqueous and organ-
ic phases again. These aqueous and organic phases
successively and moderately transfer from settler cham-
ber g to j while separation between aqueous and organic
phases proceeds in progress. In the last settler j, the or-
ganic and aqueous phases are separated and dis-
charged whereupon they flow into mixer chambers f of
liquid-liquid extraction units k of the subsequent stages.
Similar operation is repeated in plural stages (four stages
in FIG. 6). As shown by solid line arrows (aqueous phase)
and broken line arrows (organic phase) in FIG. 6, the
aqueous phase and organic phase flow in counter-cur-
rent, thereby enhancing the transfer rate of extract be-
tween aqueous and organic phases, and achieving a high
extraction rate.

[0010] The multistage continuous extraction system
using such mixer-settlers achieves a very high separation
efficiency in excess of 99%, enabling separation and re-
covery of rare earth elements at a very high efficiency.
In an example where praseodymium (Pr) and neodym-
ium (Nd) are separated and recovered using mono-2-
ethylhexyl 2-ethylhexylphosphate (PC-88A by Daihachi
Chemical Industry Co., Ltd.), the system should include
extraction section A of 32 stages, scrubber section B of
32 stages, and back extraction section C of 8 stages,
summing to 72 stages in total. That is, liquid-liquid ex-
traction units k each having five chambers, one mixer
chamber f and four settler chambers g to j are connected
in 72 stages in total to construct the multistage continuous
extraction system.

[0011] As a consequence, the multistage continuous
extraction system for separating and extracting rare earth
elements becomes a very large scale installation, requir-
ing a very large footprint. A very large volume of liquid is
necessary tofill all the chambers of the system therewith.
Accordingly, a size reduction of the system would be-
come a great contribution to cost reduction. Itis desirable
to reduce the size of the system without any loss of sep-
aration efficiency.

Citation List
[0012]
Patent Document 1: JP-A 2011-001583

Patent Document 2: JP-A 2011-001584
Patent Document 3: JP-A 2011-001586

10

15

20

25

30

35

40

45

50

55

Patent Document 4: JP-A 2008-289975
THE INVENTION

[0013] Anaim herein is to provide new liquid-liquid ex-
traction units which can be reduced in size relative to
known units while maintaining good efficiency of extrac-
tion and separation of rare earth elements. Aspects of
our proposals are multistage liquid-liquid extraction ap-
paratus using such unit, a multistage continuous extrac-
tion system comprising a plurality of such multistage lig-
uid-liquid extraction apparatus, and extraction methods
using such units/apparatus.

[0014] The inventors have found the following. Liquid-
liquid extraction is carried out by feeding an aqueous
phase and an organic phase into a tank, contacting them,
separating them, and recovering the desired extract from
the thus separated aqueous phase and/or organic phase.
The aqueous phase in bubble form is admitted into the
tank from an upper portion thereof, and the organic phase
in bubble form is admitted into the tank from a lower por-
tion thereof. The organic phase moving from the lower
interior to the upper interior of the tank is contacted with
the aqueous phase moving from the upper interior to the
lower interior of the tank for transferring the desired sub-
stance between aqueous and organic phases. The or-
ganic phase is discharged from the upper interior of the
tank, and the aqueous phase is discharged from the lower
interior of the tank. The desired extract is recovered from
the discharged organic and/or aqueous phase. When the
bubbly aqueous phase and the bubbly organic phase ex-
change their position vertically upward and downward,
they are effectively contacted with each other so that ef-
fective extraction takes place via interfacial reaction, and
phase separation proceeds at the same time. Then ex-
traction can be carried out in a small-volume, small-area
tank without a need for a large-volume settler chamber
as in a mixer-settler, and was we found without any loss
of efficiency.

[0015] However, in the prior art method wherein aque-
ous and organic phases are contacted and separated
solely via vertical upward and downward movements us-
ing a well-known spray column or a vertical cylindrical
tank used in an extraction unit based on emulsion flow
as described in Patent Document 4, reaction cannot
catch up at a high flow rate equivalent to the flow rate
available in the above-mentioned mixer-settler. Thus re-
action must be carried out at a low flow rate in order to
maintain an acceptable efficiency, resulting in a loss of
processing efficiency.

[0016] Continuing the research, the inventors have
found the following. An extraction/separation tank having
a pair of horizontally opposed sidewalls is provided with
an aqueous phase inlet at an upper portion of one side-
wall, an organic phase inlet at a lower portion of one
sidewall, an organic phase outlet at an upper portion of
the opposite sidewall, and an aqueous phase outlet at a
lower portion of the opposite sidewall. The organic and
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aqueous phases are admitted from the horizontal one
sidewall side (end), move along horizontally while ex-
changing positions vertically upward and downward, and
are discharged from the other sidewall side (end). In this
arrangement, a high flow rate equivalent to the flow rate
available in the prior art mixer-settler is achievable while
maintaining an acceptable efficiency. The size can be
significantly reduced as compared with the prior art mix-
er-settler. When a multistage continuous extraction sys-
tem for extracting and separating rare earth elements is
constructed, the footprint can be significantly reduced.
The volume of liquid necessary for extraction can be sig-
nificantly reduced. These contribute to a substantial re-
duction of cost. The invention is predicated on these find-
ings.

[0017] In one aspect, the invention provides a liquid-
liquid extraction unit adapted to contact an aqueous
phase with an organic phase, separate them, and recover
adesired extract from the thus separated aqueous phase
and/or organic phase, comprising

an extraction/separation tank for receiving the aqueous
phase and the organic phase, having a pair of horizontally
opposed sidewalls,

an aqueous phase inlet disposed at an upper portion of
one sidewall for admitting the aqueous phase in bubble
form,

an organic phase inlet disposed at a lower portion of one
sidewall for admitting the organic phase in bubble form,
an organic phase outlet disposed at an upper portion of
the other sidewall for discharging the separated organic
phase, and

an aqueous phase outlet disposed at a lower portion of
the other sidewall for discharging the separated aqueous
phase.

[0018] The aqueous phase in bubble form is admitted
from the aqueous phase inlet to an upper interior of the
tank, the organic phase in bubble form is admitted from
the organic phase inlet to an lower interior of the tank,
the organic phase moving from the lower interior to the
upper interior of the tank is contacted with the aqueous
phase moving from the upper interior to the lower interior
of the tank, the organic phase after contact is discharged
and recovered through the organic phase outlet, and the
aqueous phase after contact is discharged and recov-
ered through the aqueous phase outlet.

[0019] The liquid-liquid extraction unit may further
comprise a partition disposed between the horizontally
opposed sidewalls for dividing the tank into a contact
compartment and a separation/recovery compartment,
the contact compartment facing the aqueous phase inlet
and the organic phase inlet, the separation/recovery
compartment facing the organic phase outlet and the
aqueous phase outlet, and means disposed above or in
an upper portion and below or in a lower portion of the
partition for providing fluid communication between the
contact compartment and the separation/recovery com-
partment.

[0020] In a preferred embodiment, the extraction/sep-
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aration tank is a parallelepiped tank having a rectangular
bottom and a pair of longitudinally opposed sidewalls as
the pair of horizontally opposed sidewalls.

[0021] In another aspect, the invention provides a
multistage liquid-liquid extraction apparatus comprising
a plurality of liquid-liquid extraction units as defined
above, wherein the organic phase outlet of one unit is
connected to the organic phase inlet of another unit, and
the aqueous phase outlet of the one unit is connected to
the aqueous phase inlet of the other unit, so that contact
and separation is carried out in multiple stages.

[0022] In a further aspect, the invention provides a
multistage continuous extraction system for extracting a
rare earth element, comprising

an extraction section for contacting an aqueous phase
in the form of an aqueous solution containing rare earth
elements with an organic phase containing an extractant,
and separating them for thereby extracting at least one
rare earth element into the organic phase, and

a back-extraction section for contacting the organic
phase having at least one rare earth element extracted
therein with an aqueous phase in the form of an acid
aqueous solution and separating them for thereby back
extracting the rare earth elementinto the aqueous phase
for recovery,

wherein the organic phase after back extraction is dis-
charged from the back-extraction section and fed back
to the extraction section for circulation, one or both of the
extraction section and the back-extraction section being
a multistage liquid-liquid extraction apparatus as defined
above.

[0023] Preferably, the aqueous phase after extraction
is discharged from the extraction section and recovered
so that the rare earth element which remains in the aque-
ous phase without being extracted into the organic phase
may be recovered.

[0024] In a still further aspect, the invention provides
a multistage continuous extraction system for extracting
a rare earth element, comprising

an extraction section for contacting an aqueous phase
in the form of an aqueous solution containing rare earth
elements with an organic phase containing an extractant,
and separating them for thereby extracting a first rare
earth element into the organic phase,

a back-extraction section for contacting the organic
phase having the rare earth element extracted therein
with an aqueous phase in the form of an acid aqueous
solution and separating them for thereby back extracting
the first rare earth element into the aqueous phase for
recovery, and

a scrubber section disposed between the extraction sec-
tion and the back-extraction section for scrubbing the or-
ganic phase discharged from the extraction section by
contacting the organic phase with an aqueous phase in
the form of an acid aqueous solution having a predeter-
mined acid concentration and separating them for there-
by selectively extracting a second rare earth element,
which is incidentally contained in the organic phase and
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should remain in the aqueous phase of the extraction
section, into the aqueous phase, and for delivering the
organic phase after scrubbing to the back-extraction sec-
tion.

[0025] The aqueous phase having the second rare
earth element extracted from the organic phase in the
scrubber section is fed back to the extraction section, the
organic phase after back-extraction is discharged from
the back-extraction section and fed back to the extraction
section for circulation; the aqueous phase discharged
from the extraction section is recovered for thereby re-
covering a third rare earth elementremaining in the aque-
ous phase without being extracted into the organic
phase; at least one of the extraction section, the back-
extraction section and the scrubber section being a multi-
stage liquid-liquid extraction apparatus as defined above.

ADVANTAGEOUS EFFECTS

[0026] The liquid-liquid extraction unit proposed here
can be of small size and maintains a sufficient extraction
efficiency. When a multistage extraction apparatus com-
prising a plurality of units connected for fluid communi-
cation and a multistage continuous extraction system in
which a plurality of sections each comprising the multi-
stage extraction apparatus and assigned to different
steps are connected for fluid communication are con-
structed, the footprint can be significantly reduced, and
the volume of liquid necessary for extraction can be sig-
nificantly reduced. These contribute to a substantial re-
duction of cost required for extraction and separation of
rare earth elements.

BRIEF DESCRIPTION OF DRAWINGS

[0027]

FIG. 1is a schematic perspective, partially cutaway,
view of one exemplary liquid-liquid extraction unit in
one embodiment of the invention.

FIG. 2 is a schematic perspective, partially cutaway,
view of another exemplary liquid-liquid extraction
unit in one embodiment of the invention.

FIG. 3 is a schematic perspective, partially cutaway,
view of a further exemplary liquid-liquid extraction
unit in one embodiment of the invention.

FIG. 4 is a block diagram of one exemplary multi-
stage continuous extraction system for extraction
and separation of rare earth elements, comprising
liquid-liquid extraction units, in another embodiment
of the invention.

FIG. 5 is a block diagram of a prior art multistage
continuous extraction system for extraction and sep-
aration of rare earth elements.

FIG. 6 schematically illustrates a mixer-settler con-
structing the prior art multistage continuous extrac-
tion system.
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FURTHER EXPLANATIONS; OPTIONS AND PREFER-
ENCES

[0028] FIG.1schematically showsanexemplary liquid-
liquid extraction unit embodying our proposals, to be re-
ferred to explain elements of our proposals including gen-
eral features and features of independent significance.
The unit includes an extraction/separation tank 10 for
receiving aqueous and organic phases. This tank 10 is
a parallelepiped vessel having a rectangular bottom,
open top, horizontally longitudinally opposed sidewalls
11,12, i.e. end walls, and horizontally and transversely
opposed (lateral) sidewalls.

[0029] One sidewall 11 of tank 10 is provided with an
aqueous phase inlet 20 in an upper portion thereof and
an organic phase inlet 30 in a lower portion thereof. The
aqueous phase and organic phase inlets 20,30 include
spray nozzles 21,31 projecting into the tank 10. They are
vertically aligned. Spray nozzles 21,31 extend through
sidewall 11 and connect to aqueous phase feed line 22
and organic phase feed line 32 respectively. The aque-
ous phase is pumped by a pump (not shown) through
feed line 22 and admitted into tank 10 via upper spray
nozzle 21. Similarly, the organic phase is pumped by a
pump (not shown) through feed line 32 and admitted into
tank 10 via lower spray nozzle 31.

[0030] The spray nozzles 21 and 31 have a plurality of
orifices in a distal circumferential surface, through which
the aqueous phase and organic phase are injected in
bubble form into the interior of tank 10. The distal shape
of the spray nozzle is preferably conical (as spray nozzles
21,31 aredepicted in FIGS. 1 and 2) when a high injection
speed is desired. The distal shape of the spray nozzle is
not limited to conical shape, and may be flared when
spraying of the aqueous and organic phases over a wide
area is desired.

[0031] The other sidewall 12 of tank 10 is provided with
an organic phase outlet 40 in an upper portion thereof
and an aqueous phase outlet 50 in a lower portion there-
of. The organic phase outlet40 and aqueous phase outlet
50 include discharge ports (not shown) which penetrate
through the sidewall 12 and are connected to an organic
phase discharge line 41 and an aqueous phase dis-
charge line 51, respectively. By a pump (not shown) con-
nected in organic phase discharge line 41, the organic
phase is discharged from the upper interior of tank 10 to
organic phase discharge line 41. Similarly, by a pump
(not shown) connected in aqueous phase discharge line
51, the aqueous phase is discharged from the lower in-
terior of tank 10 to aqueous phase discharge line 51. In
case tank 10 is used alone, the pumps for discharging
the organic and aqueous phases through organic phase
discharge line 41 and aqueous phase discharge line 51
may be omitted, and the organic and aqueous phases
may be discharged as flow under gravity through organic
phase discharge line 41 and aqueous phase discharge
line 51.

[0032] Though not critical, it is preferred that the or-
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ganic phase outlet 40 be disposed at a slightly higher
position than the opposed aqueous phase inlet 20. Then
the aqueous phase inlet 20 is positioned below the liquid
surface, so that the aqueous phase is injected into the
liquid. This ensures more effective bubbling of the aque-
ous phase and more efficient contact with the organic
phase. Itis also desirable that the total volume of aqueous
and organic phases fed to tank 10 be equal to the total
volume of aqueous and organic phases discharged from
tank 10. As a precaution against the event where the
balance of admission and discharge is temporarily bro-
ken, the other sidewall 12 may be provided with a baffle
or L-shaped plate 70 enclosing organic phase outlet 40,
and organic phase outlet 40 be positioned below aque-
ous phase inlet 20, as shown in FIG. 3.

[0033] Sometimes the organic phase inlet 30 is de-
signed so that the organic phase may be injected from
spray nozzle 31 in upward and transverse directions.
Preferably, the organic phase inlet 30 is slightly spaced
upwardly from the bottom, shown in FIG. 1 so that the
organic phase may be injected from spray nozzle 31 in
all vertical and transverse directions. This ensures more
effective bubbling of the organic phase and more efficient
contact with the aqueous phase.

[0034] The liquid-liquid extraction unit mentioned
above is used to extract and separate rare earth ele-
ments, for example. Aqueous phase containing rare
earth elements is admitted from aqueous phase inlet 20
in bubble form into the upper tank interior. Organic phase
containing extractantis admitted from organic phase inlet
30 in bubble form into the lower tank interior, beneath
the aqueous phase inlet 20. The organic and aqueous
phases move horizontally (longitudinally) from the one
sidewall side (end) to the opposite sidewall side of tank
10 while exchanging their position upward and down-
ward. Due to a difference of specific gravity, the aqueous
phase moves downward from above, and the organic
phase moves upward from below. While the organic and
aqueous phases exchange their position upward and
downward, they are effectively contacted mutually
whereby the selected rare earth element is extracted
from the aqueous phase into the organic phase. While
the organic and aqueous phases move moderately to-
ward the opposite sidewall 12 of tank 10, the organic
phase and aqueous phase are separated upward and
downward. The organic phase having the selected rare
earth element extracted therein is discharged from or-
ganic phase outlet 40, and the aqueous phase dis-
charged from aqueous phase outlet 50. If the aqueous
phase contains a plurality of rare earth elements, at least
one of which is not extractable with the organic phase,
then the unextractable rare earth element is left in the
aqueous phase and discharged from aqueous phase out-
let 50.

[0035] In another embodiment, the liquid-liquid extrac-
tion unit includes a partition 60 disposed at a horizontal
(or longitudinal) intermediate position in extraction/sep-
aration tank 10 as shown in FIG. 2. The partition 60 di-
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vides the interior of tank 10 into a contact compartment
13 including aqueous phase inlet 20 and organic phase
inlet 30 and a separation/recovery compartment 14 in-
cluding organic phase outlet 40 and aqueous phase out-
let 50. A space is left between the lower edge of partition
60 and the bottom of tank 10 for communication for the
aqueous phase near the bottom. Also the height of par-
tition 60 is lower than the sidewalls of tank 10 so that the
organic phase may flow across the top of the partition 60
from the contact compartment 13 to the separation/re-
covery compartment 14. The upper edge of partition 60
is preferably at a position equal to or slightly higher than
spray nozzle 21 of aqueous phase inlet 20, and also pref-
erably at a slightly lower position than the discharge port
of organic phase outlet 40.

[0036] In the embodiment wherein partition 60 is pro-
vided to divide the interior of tank 10 into contact com-
partment 13 and separation/recovery compartment 14,
a higher extraction/separation efficiency is expectable.
Specifically, once the aqueous phase and organic phase
are injected from spray nozzles 21 and 31, partition 60
blocks them and prevents them from directly moving to-
ward outlets 40 and 50; in contact compartment 13, the
aqueous and organic phases exchange their position
downward and upward, with extraction reaction taking
place; the aqueous phase moves into separation/recov-
ery compartment 14 via the lowermost space near the
bottom, and the organic phase overflows the top of par-
tition 60 into separation/recovery compartment 14. In
separation/recovery compartment 14, further separatory
motion takes place between aqueous and organic phas-
es while the impact of jets from nozzles 21 and 31 is
substantially eliminated by partition 60. Thus a high ex-
traction/separation efficiency is available.

[0037] The position of partition 60 is not particularly
limited and may be determined depending on the volume,
horizontal length and height of tank 10, the flow rates of
aqueous and organic phases, and the like. In the case
of extraction/separation tank 10 having arectangular bot-
tom as shown in FIGS. 1 and 2, partition 60 is preferably
disposed at any position between the longitudinal center
of the bottom and the one sidewall (liquid inlet side) of
tank 10 so that separation/recovery compartment 14 may
have a volume equal to or larger than the volume of con-
tact compartment 13. Then separation/recovery com-
partment 14 assuming a nearly stationary state offers a
longer dwell time, achieving more effective separation
between aqueous and organic phases.

[0038] It is noted that although spray nozzles 21 and
31 are used to inject the aqueous/organic phases in bub-
ble form in Figs. 1 and 2, any suitable means of injecting
dispersed (particles or sub-divided form) of the aqueous/
organic phases may be used instead of spray nozzles.
Also, although spaces are provided below and above par-
tition 60 for fluid communication in the embodiment of
FIG. 2, it is acceptable that partition 60 is extended from
the top to the bottom of tank 10 and perforated in lower
and upper portions thereof with ports for fluid communi-
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cation. Further, the shape oftank 10 is not limited to FIGS.
1 and 2. Any tank shape is acceptable as long as liquid
phases move vertically up and down like a spray column,
or as long as aqueous phase and organic phase move
vertically up and down and move horizontally whereby
the aqueous and organic phases admitted at one end at
upper and lower positions are discharged from the op-
posite end at inverse (lower and upper) positions. So,
preferably length and/or height of the tank are greater
than its width as described and shown above. Conven-
iently the inlets and outlets are formed through the end
walls at which they are positioned.

[0039] Liquid-liquid extraction units of the invention
may be used to construct a multistage liquid-liquid ex-
traction apparatus. There are provided a plurality of lig-
uid-liquid extraction units, which are connected such that
the organic phase discharge line 41 of one unit is con-
nected to the organic phase feed line 32 of another unit,
and the aqueous phase discharge line 51 of the one unit
is connected to the aqueous phase feed line 22 of the
other unit. Then extraction operation is performed in mul-
tiple stages. When the step of extracting a rare earth
element in the aqueous phase into the organic phase,
the step of scrubbing the organic phase, and the step of
back extracting the rare earth element from the organic
phase for recovery are continuously carried out, at least
one (one, two or all) of the extraction section, the scrubber
section and the back-extraction section may be a multi-
stage liquid-liquid extraction apparatus comprising such
liquid-liquid extraction units.

[0040] Asmentioned above, the liquid-liquid extraction
unit in one embodiment of the invention comprises an
extraction/separation tank 10, an aqueous phase inlet 20
in an upper portion of one sidewall, an organic phase
inlet 30 in a lower portion of one sidewall, an organic
phase outlet 40 in an upper portion of the opposite side-
wall, and an aqueous phase outlet 50 in a lower portion
of the opposite sidewall, wherein the organic and aque-
ous phases are admitted in bubble form from one side-
wall, move horizontally (or longitudinally) while exchang-
ing their position upward and downward, and are dis-
charged from the opposite sidewall. While the bubbly
aqueous phase and the bubbly organic phase exchange
their position upward and downward, an effective mutual
contact occurs therebetween. Then effective extraction
takes place due to interfacial reaction, and phase sepa-
ration proceeds at the same time. Extraction and sepa-
ration operation can be performed in a small volume and
small area without a loss of efficiency, and without a need
for a large volume settler chamber as in a prior art mixer-
settler.

[0041] In the liquid-liquid extraction unit of the inven-
tion, not only the organic phase and the aqueous phase
exchange their position upward and downward, but also
they move vertically and horizontally (along the tank) be-
fore discharge. The unit maintains an acceptable efficien-
cy and achieves a high flow rate comparable to the flow
rate in the prior art mixer-settler. The size of the unit is
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significantly small as compared with the prior art mixer-
settler. When a multistage extraction apparatus compris-
ing a plurality of units and a multistage continuous ex-
traction system in which a plurality of multistage extrac-
tion apparatus are connected for fluid communication are
constructed, the footprint can be significantly reduced,
and the volume of liquid necessary for extraction can be
significantly reduced. These contribute to a substantial
reduction of cost required for extraction and separation
of rare earth elements.

EXAMPLE

[0042] Examples of the invention are given below by
way of illustration and not by way of limitation.

Comparative Example

[0043] A prior art multistage counterflow mixer-settler
as shown in FIGS. 5 and 6 was used to carry out extrac-
tion and separation of rare earth elements (praseodym-
ium and neodymium).

[0044] The multistage counterflow mixer-settler sys-
tem of FIG. 5 includes an extraction section A of 32 stag-
es, a scrubber section B of 32 stages, and a back-ex-
traction section C of 8 stages. One stage is constructed
by the mixer-settler of FIG. 6 in which the mixer chamber
fis dimensioned 80 mm (W) x 80 mm (D) x 200 mm (H),
the settler consisting of four chambers g to j is dimen-
sioned 320 mm (W) x 80 mm (D) x 200 mm (H), and one
stage is thus dimensioned 400 mm (W) x 80 mm (D) x
200 mm (H). Extraction section A having 32 stages con-
nected is combined with scrubber section B having 32
stages connected, to construct an extraction section plus
scrubber section A+B of 64 stages which is dimensioned
400 mm x 5120 mm x 200 mm (H). The volume of liquid
necessary to fill the extraction section plus scrubber sec-
tion A+B was 328 L.

[0045] A solution was prepared by dissolving extract-
ant PC-88A (mono-2-ethylhexyl 2-ethylhexylphosphate)
in kerosene in a concentration of 0.5 mol/L and used as
the organic phase. A mixed aqueous solution, 1000 L,
containing praseodymium and neodymium in a molar ra-
tio Pr:Nd of 1:1 and a concentration of 0.1 mol/L of Pr+Nd
was prepared and used as the aqueous phase.

[0046] In FIG. 5, the aqueous phase from line 1 was
fed at a flow rate of 6 L/hr, the organic phase from line 2
was fed at a flow rate of 19 L/hr, and a 4 mol/L sodium
hydroxide aqueous solution from line 3 was fed at a flow
rate of 1.5 L/hr to extraction section A where neodymium
in the aqueous phase was extracted into the organic
phase. The organic phase was fed to scrubber section
B while the aqueous phase was discharged through line
5 at a flow rate of 8.4 L/hr and recovered. In scrubber
section B, a 5.5 mol/L hydrochloric acid aqueous solution
from line 4 was fed at aflow rate of 0.9 L/hr as the aqueous
phase, whereby the organic phase 2 is scrubbed in that
praseodymium (which was contained in the organic
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phase and which should essentially remain in the aque-
ous phase in extraction section A) was selectively ex-
tracted into the hydrochloric acid solution (aqueous
phase) 4. The organic phase 2 is fed to back-extraction
section C. On the other hand, the hydrochloric acid so-
lution (aqueous phase) having selectively extracted
therein the praseodymium (to remain in the aqueous
phase in extraction section A) is discharged through line
9 and fed back to line 1. Next, a 5.5 mol/L hydrochloric
acid aqueous solution from line 6 was fed at a flow rate
of 1.2 L/hr as the aqueous phase to back-extraction sec-
tion C, where neodymium was back extracted from the
organic phase to the hydrochloric acid aqueous solution
(aqueous phase), which is discharged through line 7 at
a flow rate of 1.2 L/hr and recovered. On the other hand,
the organic phase is discharged from back-extraction
section C through line 8 and fed back to extraction section
A, completing circulation. The extraction and separation
operation from extraction section A to back-extraction
section C was performed in an environment at a temper-
ature 35°C.

[0047] After the extraction and separation operation,
the concentration of praseodymium and neodymium in
the aqueous phase recovered from line 5 and the hydro-
chloric acid solution recovered from line 7 was measured
by an ICP atomic emission spectrometer. The hydrochlo-
ric acid solution recovered from line 7 had a neodymium
concentration of 0.03 mol/L and a neodymium purity (Nd/
(Pr+Nd)) of 99.5%. The aqueous phase recovered from
line 5 had a praseodymium concentration of 0.03 mol/L
and a praseodymium purity (Pr/(Pr+Nd)) of 99.6%.

Example

[0048] A multistage continuous extraction system was
constructed as shown in FIG. 4. The system construction
was the same as in FIG. 5 in Comparative Example ex-
cept that extraction section A and scrubber section B
were constructed using the liquid-liquid extraction units
as shown in FIG. 2, and an alkali mixing section D for
mixing a sodium hydroxide aqueous solution 3 with the
organic phase 2 was disposed upstream of extraction
section A. The back-extraction section C of 8 stages was
constructed using a mixer-settler as in Comparative Ex-
ample. The alkali mixing section D is a vessel dimen-
sioned 80 mm X 80 mm X 200 mm and equipped with
an impeller where the sodium hydroxide aqueous solu-
tion from line 3 is uniformly mixed with the organic phase
2 before the liquid is discharged or fed to extraction sec-
tion A.

[0049] The liquid-liquid extraction unit shown in FIG. 2
is dimensioned 120 mm (W) X 80 mm (D) X 200 mm
(H). A partition 60 of 5 mm X 80 mm X 170 mm (H) is
disposed at a distance of 60 mm from one sidewall and
spaced 5 mm apart from the bottom to divide the tank 10
into a contact compartment 13 and a separation/recovery
compartment 14 of substantially the same volume. Each
of spray nozzles 21 and 31 is a conical tube with a closed

10

15

20

25

30

35

40

45

50

55

tip having 30 orifices (diameter 1 mm) perforated in its
circumferential surface. An extraction section A of 32
stages is constructed by connecting 32 liquid-liquid ex-
traction units, and a scrubber section B of 32 stages is
constructed by connecting 32 liquid-liquid extraction
units.

[0050] The extraction section A constructed by a multi-
stage liquid-liquid extraction apparatus comprising 32 lig-
uid-liquid extraction units connected is combined with the
scrubber section B constructed by a multistage liquid-
liquid extraction apparatus comprising 32 liquid-liquid ex-
traction units connected, to construct an extraction sec-
tion plus scrubber section A+B of 64 stages which is di-
mensioned 120 mm x 5120 mm x 200 mm (H). The foot-
print of this extraction section plus scrubber section A+B
was 3/10 of that in Comparative Example. The volume
of liquid necessary to fill the extraction section plus scrub-
ber section A+B was 98 L. The necessary liquid volume
was also 3/10 of that in Comparative Example.

[0051] Next, using the multistage continuous extrac-
tion system of FIG. 4, extraction and separation of pra-
seodymium and neodymium was carried out as in Com-
parative Example. Since the solutions fed from the lines
and the flow rates of admission and discharge were the
same as in Comparative Example, the same reference
characters as in Comparative Example (FIG. 5) are used
in FIG. 4 and the description of extraction/separation op-
eration is omitted.

[0052] The concentration of praseodymium and neo-
dymium in the aqueous phase recovered from line 5 and
the hydrochloric acid solution recovered from line 7 was
measured by the ICP atomic emission spectrometer. The
hydrochloric acid solution recovered from line 7 had a
neodymium concentration of 0.03 mol/L and a neodym-
ium purity (Nd/(Pr+Nd)) of 99.5%. The aqueous phase
recovered from line 5 had a praseodymium concentration
of 0.03 mol/L and a praseodymium purity (Pr/(Pr+Nd)) of
99.6%. It was proven that separation and extraction rates
equal to Comparative Example were available.

[0053] It has been demonstrated that using the liquid-
liquid extraction unit of the invention, a multistage liquid-
liquid extraction apparatus and system can be reduced
in size while maintaining a satisfactory extraction efficien-
cy. The footprint can be significantly reduced. The vol-
ume of liquid necessary for processing can be signifi-
cantly reduced. The cost required for extraction and sep-
aration of rare earth elements can be significantly re-
duced.

Claims

1. A liquid-liquid extraction unit adapted to contact an
aqueous phase with an organic phase, separate
them, and recover a desired extract from the thus
separated aqueous phase and/or organic phase,
comprising
an extraction/separation tank for receiving the aque-
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ous phase and the organic phase, having a pair of
horizontally opposed sidewalls,

an aqueous phase inlet disposed at an upper portion
of one sidewall for admitting the aqueous phase in
bubble form,

an organic phase inlet disposed at a lower portion
of one sidewall for admitting the organic phase in
bubble form,

an organic phase outlet disposed at an upper portion
of the other sidewall for discharging the separated
organic phase, and

an aqueous phase outlet disposed at a lower portion
of the other sidewall for discharging the separated
aqueous phase,

wherein the aqueous phase in bubble form is admit-
ted from the aqueous phase inlet to an upper interior
of the tank, the organic phase in bubble form is ad-
mitted from the organic phase inlet to an lower inte-
rior of the tank,

the organic phase moving from the lower interior to
the upper interior of the tank is contacted with the
aqueous phase moving from the upper interior to the
lower interior of the tank,

the organic phase after contact is discharged and
recovered through the organic phase outlet, and the
aqueous phase after contact is discharged and re-
covered through the aqueous phase outlet.

The unit of claim 1, further comprising

a partition disposed between the horizontally op-
posed sidewalls for dividing the tank into a contact
compartment and a separation/recovery compart-
ment, the contact compartment facing the aqueous
phase inlet and the organic phase inlet, the separa-
tion/recovery compartment facing the organic phase
outlet and the aqueous phase outlet, and

fluid communication between the contact compart-
ment and the separation/recovery compartment be-
ing provided above the partition orin an upper portion
thereof, and below or in a lower portion thereof.

The unit of claim 1 or 2 wherein the extraction/sep-
aration tank is a parallelepiped tank having a rectan-
gular bottom and a pair of longitudinally opposed
sidewalls as the pair of horizontally opposed side-
walls.

A unit of claim 1, 2 or 3 in which the organic phase
inlet and/or the aqueous phase inlet comprises a
spray nozzle.

A multistage liquid-liquid extraction apparatus com-
prising a plurality of liquid-liquid extraction units as
set forth in any one of claims 1 to 4, wherein the
organic phase outlet of one unit is connected to the
organic phase inlet of another unit, and the aqueous
phase outlet of the one unitis connected to the aque-
ous phase inlet of the other unit, so that contact and
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separation is carried out in multiple stages.

A multistage continuous extraction system for ex-
tracting a rare earth element, comprising

an extraction section for contacting an aqueous
phase in the form of an aqueous solution containing
rare earth elements with an organic phase containing
an extractant, and separating them for thereby ex-
tracting at least one rare earth element into the or-
ganic phase, and

a back-extraction section for contacting the organic
phase having at least one rare earth element extract-
ed therein with an aqueous phase in the form of an
acid aqueous solution and separating them for there-
by back extracting the rare earth element into the
aqueous phase for recovery,

wherein the organic phase after back extraction is
discharged from the back-extraction section and fed
back to the extraction section for circulation,

one or both of the extraction section and the back-
extraction section being a multistage liquid-liquid ex-
traction apparatus as set forth in claim 5.

The system of claim 6 wherein the aqueous phase
after extractionis discharged from the extraction sec-
tion and recovered so that the rare earth element
which remains in the aqueous phase without being
extracted into the organic phase may be recovered.

A multistage continuous extraction system for ex-
tracting a rare earth element, comprising

an extraction section for contacting an aqueous
phase in the form of an aqueous solution containing
rare earth elements with an organic phase containing
an extractant, and separating them for thereby ex-
tracting a first rare earth element into the organic
phase,

a back-extraction section for contacting the organic
phase having the rare earth element extracted there-
inwith an aqueous phase in the form of an acid aque-
ous solution and separating them for thereby back
extracting the first rare earth element into the aque-
ous phase for recovery, and

a scrubber section disposed between the extraction
section and the back-extraction section for scrubbing
the organic phase discharged from the extraction
section by contacting the organic phase with an
aqueous phase in the form of an acid aqueous so-
lution having a predetermined acid concentration
and separating them for thereby selectively extract-
ing a second rare earth element, which is incidentally
contained in the organic phase and should remain
in the aqueous phase of the extraction section, into
the aqueous phase, and for delivering the organic
phase after scrubbing to the back-extraction section,
wherein the aqueous phase having the second rare
earth element extracted from the organic phase in
the scrubber section is fed back to the extraction
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section, the organic phase after back-extraction is
discharged from the back-extraction section and fed
back to the extraction section for circulation,

the aqueous phase discharged from the extraction
section is recovered for thereby recovering a third
rare earth element remaining in the aqueous phase
without being extracted into the organic phase,

at least one of the extraction section, the back-ex-
traction section and the scrubber section being a
multistage liquid-liquid extraction apparatus as set
forth in claim 5.

10

15

20

25

30

35

40

45

50

55

10

18



EP 2 614 868 A1

21 /
20 | / 40

41

12

11

32

1"



EP 2 614 868 A1

12



EP 2 614 868 A1

FIG.3

13



EP 2 614 868 A1

3 D A B 4 C 6
P A U B T
Y J Y
5 7
FIG.5
PRIOR ART
3A B 4 C 6
o gt L
y J Y
5 7

14




EP 2 614 868 A1

FIG.6

f

)
i

PRIOR ART
(ORGANIC PHASE) (AQUEOUS PHASE)
A h g .
i J J
' / ( T
\ | €
(STAGE 1) (_:__ = -~ - é: /f\/k
)
(STAGED C8© = = =z _:W -k
A
(STAGE 3) r:_ - - = :% L
!
(STAGE 4) /q%:)‘_"_: _:_: __: _:_ 4
e/ / A l ) / /_1V

(ORGANIC PHASE)

(
g

15

J (AQUEOUS PHASE)



EP 2 614 868 A1

D)

Europdisches
Patentamt

European
Patent Office

Office européen
des brevets

—

EPO FORM 1503 03.82 (P04C01)

EUROPEAN SEARCH REPORT

DOCUMENTS CONSIDERED TO BE RELEVANT

Application Number

EP 13 15 0119

Categor Citation of document with indication, where appropriate, Relevant CLASSIFICATION OF THE
gory of relevant passages to claim APPLICATION (IPC)
X GB 835 282 A (ATOMIC ENERGY AUTHORITY UK) [1-5 INV.
18 May 1960 (1960-05-18) BO1D11/04
Y * page 1, lines 37-76 * 6-8 C22B3/22
----- C22B3/02
Y,D |JP 2011 001584 A (SHINETSU CHEMICAL CO; 6-8
JAPAN ATOMIC ENERGY AGENCY)
6 January 2011 (2011-01-06)
* abstract *
A US 2 646 346 A (COPLAN BURTON V ET AL) 4
21 July 1953 (1953-07-21)
* column 4, Tines 8-12 *
A EP 0 073 415 A2 (HOECHST AG [DE]) 4
9 March 1983 (1983-03-09)
* figure 1 *
A FR 2 276 853 Al (SJELDNE JORDARTER 1-5
FORSKNING [NO])
30 January 1976 (1976-01-30)
* figure 1 * TECHNICAL FIELDS
_____ SEARCHED (IPC)
BO1D
€228
The present search report has been drawn up for all claims
Place of search Date of completion of the search Examiner
Munich 15 May 2013 Haderlein, Andreas
CATEGORY OF CITED DOCUMENTS T : theory or principle underlying the invention
E : earlier patent document, but published on, or
X : particularly relevant if taken alone after the filing date
Y : particularly relevant if combined with another D : document cited in the application
document of the same category L : document cited for other reasons
Atechnologicalbackground e e e
O : non-written disclosure & : member of the same patent family, corresponding
P : intermediate document document

16




EPO FORM P0459

EP 2 614 868 A1

ANNEX TO THE EUROPEAN SEARCH REPORT
ON EUROPEAN PATENT APPLICATION NO. EP 13 15 0119

This annex lists the patent family members relating to the patent documents cited in the above-mentioned European search report.
The members are as contained in the European Patent Office EDP file on
The European Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

15-05-2013
Patent document Publication Patent family Publication

cited in search report date member(s) date

GB 835282 A 18-05-1960  BE 564897 A 15-05-2013
DE 1081419 B 12-05-1960
FR 1189479 A 02-10-1959
GB 835282 A 18-05-1960

JP 2011001584 A 06-01-2011  NONE

US 2646346 A 21-07-1953  NONE

EP 0073415 A2 09-03-1983 DE 3133314 Al 10-03-1983
EP 0073415 A2 09-03-1983
JP 55836625 A 03-03-1983
IN 4491549 A 01-01-1985

FR 2276853 Al 30-01-1976  DE 2529003 Al 15-01-1976
FR 2276853 Al 30-01-1976
GB 1482246 A 10-08-1977
JP S5148766 A 27-04-1976
JP 55232861 B2 24-08-1977
NL 7507699 A 06-01-1976
NO 742415 A 06-01-1976
Us 3997445 A 14-12-1976

For more details about this annex : see Official Journal of the European Patent Office, No. 12/82

17



EP 2 614 868 A1
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

« JP 2011001583 A[0012] e JP 2011001586 A [0012]
« JP 2011001584 A[0012] * JP 2008289975 A [0012]

18



	bibliography
	description
	claims
	drawings
	search report

